The serological relationship of the ribonucleic acid (RNA)-containing coliphages MS-2, M-12, R-17, f2, ,B, fr, f4, and Q8 was determined. Antisera against MS-2, R-17, f2, fr, and Q3 neutralized the infectivity of all of these RNA phages to varying degrees. Although each phage was serologically distinct, the antisera cross-reacted with certain phages to approximately the same degree, indicating the antigenic relationship of the coat proteins of these phages. Adsorption of anti-MS-2 sera with varying concentrations of all of the phages demonstrated that these viruses contain similar yet unique antigenic determinants. It is suggested that these RNA phages are mutants of two related phages rather than of the same phage.
Scott suggested that all of these RNA phages, MS-2, M-12, R-17, FH5, f2, (, and fr, were closely related but different phages that were serological mutants of the same phage. It has been demonstrated that the coat proteins of phage MS-2 and M-12 are identical in their amino acid sequence (2, 3) and that they differ by two different amino acid exchanges from the coat proteins of phages R-17 and f2 (2, 3, 5, 12) and by many more exchanges from the coat protein of fr and Q8 (9, 13) . Thus, the single amino acid differences in the coat proteins of these phages show a correlation with the serological cross-reactions observed with these phages.
This report confirms and extends the previous observation on the antigenic relatedness of the RNA coliphages. The serological differences among these phages was demonstrated by antiserum specific for MS-2, R-17, f2, fr, and Q03.
Adsorption of either hyperimmune anti-MS-2 or fr sera with appropriate concentrations of any of the RNA coliphages not only removed activity for the phage used for adsorption but uniformly reduced the neutralizing activity of the serum for all of the RNA phages, demonstrating that the antigenic determinant on the coat proteins of these phages are similar.
MATERIALS AND METHODS
The origin of phages MS-2, M-12, R-17, ,B, fr, and f4 and the host Escherichia coli Hfr strain AB261 has been described (4) . Phage f2 was the generous gift of Norton Zinder; phage Q,3 was the generous gift of S. Spiegelman. Purified phage suspensions were prepared by a modification of the method of Strauss and Sinshiemer (11) . The phage were precipitated from broth lysates of E. coli AB261 with ammonium sulfate, extracted with a fluorocarbon, and banded two times in cesium chloride density gradients. Phage protein was determined by the method of Lowry et al. (6) . The extinction coefficient, El%m at 260 nm was 60. A 1-mg amount of viral protein is equivalent to 1.66 X 1014 particles, based on a molecular weight of 3.6 X 106. In typical purified preparations, approximately 5 to 15% of the phage particles were infectious as determined by the phage particleplaque forming unit ratio.
Antiphage sera. Hyperimmune antisera were generated as previously described (4) . Anti-Q,B serum was the generous gift of Edward Hale. The concentration of specific antibody protein in anti-MS-2 sera was determined by the quantitative precipitin assay.
Phage neutralization tests. For assay of phageneutralizing antibody, antisera were diluted 10-4 to 5 X 10-in phosphate-buffered saline (PBS), and 4.9 ml of the final dilution was incubated at 37 C for 15 min. From 105 to 107 plaque-forming units (PFU) of the various RNA phages in 0.1 ml of PBS were then added, and 0.1-ml samples were removed at appropriate intervals and assayed for viable phage particles by the plaque assay method with E. coli AB261 (1) . The rate constant K of phage inactivation was calculated as described by Adams (1) . For comparison of the serological relatedness of the RNA 567 on November 6, 2017 by guest http://jvi.asm.org/ Downloaded from KRUEGER phage, the ratio of the heterologous K value to the homologous K value was defined as K' (10) . (For each homologous system, K' = 1.0.) Adsorption of serum. To determine the adsorption pattern of anti-MS-2 sera by the homologous phage, 106 to 10'0 PFU (1.6 X 107 to 1.6 X 1011 particles) of MS-2 in 0.1 ml of tryptone broth was added to 0.9 ml of a 1.25 X 10-5 dilution of antiserum containing 1.5 mg (5.6 X 1015 molecules) of specific antibody protein per ml. The reaction mixtures were incubated at 37 C for 2 hr and at 4 C for 72 hr. The reaction mixtures were diluted 10-1, assayed for remaining viable phage, and centrifuged at 200,000 X g for 3 hr at 4 C in the # 65 rotor of the Spinco Model L2-65B ultracentrifuge; the top 6 ml of supernatant fluid was carefully removed. To determine the amount of neutralizing activity that remained, a sample of each adsorbed sera was diluted 10-' and titered by the phage neutralization assay. Figure 1 demonstrates the extent of neutralization of the various phage concentrations by a constant amount of antiserum in the adsorption reaction. Maximal neutralization was observed at the lowest phage concentration or at the highest antibody-phage particle ratio (zone 1), whereas minimal inactivation was observed at the highest phage concentrations or lowest antibodyphage particle ratio (zone 3). At intermediate phage concentrations or antibody-phage particle ratios (zone 2), variable degrees of neutralization were observed. The data in Table 1 show the amount of neutralizing activity remaining in various reaction mixture supernatant fluids from the three zones of Fig.  1 tially all of the neutralizing activity remained in the supernatant fluid. However, in zone 2 variable amounts of neutralizing activity could be detected in the reaction supernatant fluids. Because of this triphasic nature of the adsorption reaction, anti-MS-2 sera were adsorbed with varying concentrations of the RNA phages, and the various reaction supernatant fluids were titered for neutralizing activity against all of the RNA phages.
RESULTS
The relative rates of neutralization of the various RNA phages with antiserum to MS-2, R-17, f1', and Q/ are given in Fig. 2, 3 , and 4, respectively. These data reveal that phages MS-2, R-17, f2, etc., are increasingly more distantly related.
With anti-R-17 serum, the order of decreasing K' indicates that phage R-17 is more closely related to phage M-12 than phage f2, and that phages f4 and QB are the most distantly related. In addition, the differences in the K' values between the various phages closely approximated that observed with antiserum to phage MS-2.
The K' data for anti-f2-serum indicate that phage f2 was antigenically more closely related to phage R-17 than to phage,B. In addition, with this antisera phage f2 appeared more closely related to phages R-17, M-12, and MS-2 than to phages ,B, fr, f4, and Q8. Analysis of the neutralization curves and K' data for antisera to MS-2 and M-12 (10) suggests that phages ,B, fr, f4, and QB should be more closely related to phages R-17 and f2 than MS-2. However, the data with R-17 and f2 specific antisera did not demonstrate this antigenic relatedness; rather, these phages still appeared to be distantly related. These data suggest that phages MS-2, M-12, R-17, and f2 constitute a serological subgroup of the RNA phages and that there is a distinct antigenic difference between the phages in this subgroup and the remainder of the RNA phages.
The K' data for the anti-fr serum indicates that phage fr is more closely related to phage 3 than to f4, and that phage Q8 was more distantly related than phage R-17. This is of interest because the anti-MS-2, M-12, R-17, and f2 data suggested that phages fr, f4, and Q8 were closely related. The differences between the K' values for this antiserum were comparable to those observed with the antiserum specific for phages MS-2, R-17, f2, and M-12 (10) .
Antiserum specific for phage QB cross-reacted strongly only with phages f4, fr, and ,B, and weakly with the remaining phages. These data 569 VOL. 4, 1969 on demonstrate that Qf is most closely related to phage f4 and distantly related to the phages in the proposed subgroup. Analysis of the K' data of all antisera studied, but in particular anti-fr and Q3, suggest that phages ,B, fr, and f4 may constitute a second serological subgroup of these RNA phages. However, this classification is only tentative until data on the cross-reaction between phages fr and Q3 with anti-: and anti-f4 are available. Phage Q8 is not in this subgroup because it was serologically distantly related to all of the RNA phages.
The neutralization data indicate, therefore, that each RNA phage is a separate, distinct phage and that these coliphages are serologically related. The neutralization data indicate that antisera specific for MS-2, R-17, f2, fr, and M-12 (10) all demonstrate approximately the same degree of cross-reactivity between certain of the RNA phages. Therefore, these antisera could detect similar differences between the antigenic determinants on the coat proteins of the various phages, indicating that the serological data show a correlation with the amino acid sequence data on the coat protein of certain of these phages.
Adsorbed antisera. The it should be possible to selectively adsorb out these different antibody populations from antiserum with the appropriate phages. The molecular ratio is the ratio of antibody molecules per phage particle. Zones of the reaction were determined by the antibody activity remaining in the reaction supernatantfluids. c Approximately 10% of the phage particles in each phage preparation were infectious, as determined by the ratio of milligrams of phage protein per plaque-forming unit (PFU).
-all of the phages was reduced in proportion to the closeness of their relation to MS-2 (Table 3) . Thus, even at this phage concentration, no one population of antibody molecules, more reactive for the phage used for adsorption, was selectively removed in the reaction mixture. Comparable results were obtained with anti-fr-serum. These data suggest that the coat proteins of these various phages do not contain antigenic determinants that are shared with any of the other RNA phages, but rather that each phage contains antigenic determinants that have conformations similar to the determinants on the other related phages. In addition, the data demonstrate that these antisera did not contain heteroclitic antibodies, i.e., antibodies more reactive for the related phages than for the immunizing phage, similar to that described by Makela for the T2 and T6 coliphage (7) . DISCUSSION Scott (10) demonstrated that the RNA coliphages were a serologically related group of viruses. Antiserum to phages MS-2, M-12, and f2 neutralized phages MS-2, M-12, R-17, FH5, f2, ,3, and fr, and in complement fixation tests anti-MS-2 serum fixed complement with these phages in the same relative order as in neutralization tests. The studies reported here confirm and extend Scott's observations on the serological relatedness of the RNA coliphages. It was demonstrated that antiserum specific for MS-2, R-17, f2, fr, and Q3 neutralized phages MS-2, M-12, R-17, f2, ,B, fr, f4, and Q3 in different relative orders and to different extents. The observation that phages MS-2 and Q3 were inactivated by anti-Qf3 and MS-2 serum, respectively, and therefore appear to be distantly related does not agree with the observations of Overby et al. (8) who concluded that these two phages were unrelated.
In an attempt to resolve this discrepancy, Q3 and the other related RNA phages were reacted with a hyperimmune anti-MS-2 serum with a higher K value (33, 000) than the sera used in these experiments. It was observed that all of the phages were inactivated at slower rates and that Q1 was neutralized at approximately the same rate as the unrelated T4 phage (unpublished observations). This suggests that the degree of serological relatedness among these phages is dependent upon the potency of the antiserum used in the assay and thus provides a possible explanation for the disagreement of the data presented here and those of Overby et al. (8) .
The K' values (Table 2) indicate that although these phages are antigenically very similar, there exists a very interesting relationship amongst these phages. Phages Q,B, fr, and f4 cross-react with anti-MS-2 at 0.42, 0.21, and 0.10 the homologous rate, whereas phage R-17 cross-reacts with anti-MS-2 at 0.72 the homologous rate. From these results, one might expect these phages to cross-react well with R-17 specific antiserum.
However, with anti-R-17 serum, Qo3, fr, and f4 still appear to be serologically distantly related in that they cross-reacted at 0.44, 0.22, and 0.12 the homologous rate. Comparison of the inactivation data for MS-2 and f2 antisera reveals a similar neutralization pattern. Phage f2 and fr cross-react with anti-MS-2 at 0.54 and 0.21 the homologous rate, respectively. However, with anti-f2, phage MS-2 cross-reacts at 0.56 the homologous rate, whereas fr cross-reacts at 0.30 the homologous rate. Therefore, it appears that phages MS-2, M-12, R-17, and f2 constitute one serological subgroup, whereas phages f, fr, and f4 may constitute a second subgroup. The existence of two serological subgroups suggests that all of the RNA phages are not coat protein mutants of the same phage, as previously suggested (10) , but of at least two different phages which may have originated from a single phage. Thus, the phages in the subgroups evolved in a complex pattern such that the coat protein antigens of certain phages within each group appear more related to phages in the other subgroup than to phages within their own subgroup.
The data described here could be accounted for if (i) there are a number of different coat protein antigens on each phage that are shared in variable quantities with the other phages or (ii) each phage is multivalent and has a unique antigen that is structurally related to those found on the coat proteins of the other RNA phages. The adsorption experiments described in this report tend to rule out the first possibility in that adsorption with any of the phages uniformly reduced the neutralizing activity of the antisera for all phages. In addition, the first possibility is unlikely because neutralization of these phages follows first-order kinetics, suggesting that a single-hit phenomenon involving one It has long been known that the tertiary configuration of protein molecules is important in antigen-antibody reactions. It is of interest to note that the antiserum used in these studies can readily distinguish antigenic differences between MS-2 and M-12, which apparently have identical primary structure in their coat proteins (2, 3), as well as R-17 and f2, which appear to differ only by one amino acid in their coat proteins (2, 3, 5, 12) . Thus, these experiments demonstrate that the serological data show a strong correlation with the amino acid sequence data in that these antisera can readily distinguish the amino acid differences. I acknowledge the technical assistance of Carolyn Zetes.
